Aim: To investigate whether cytosolic heat shock protein 90 (HSP90) acts as a molecular chaperone on the activated extracellular signal-regulated kinase 1/2 (ERK1/2) and cell proliferation stimulated by reactive oxygen species (ROS) in rat vascular smooth muscle cells (VSMC). Methods: VSMC were exposed to 1 µmol/L LY83583 (6-anilinoquinoline-5,8-quinolinedione, producer of ROS) for 120 min in the presence or absence of 5 µmol/L geldanamycin, a specific inhibitor of HSP90. Then the total, soluble, and insoluble proteins of the cells were collected. HSP90, ERK1/2, and phosphor-ERK1/2 in the cell lysate were measured by Western blotting. The interaction of HSP90 and phosphor-ERK1/2 was analyzed by immunoprecipitation assay, and the nuclear phosphor-ERK1/2 was measured by Western blotting and immunofluorescence. Cell proliferation was tested by cell counting and 3-(4,5-dimethylthiazol-2-y1)-3,5-di-phenyltetrazolium bromide (MTT). Results: The cytosolic HSP90 of VSMC was upregulated by LY83583 in a time-dependent manner with the peak at 120 min, which is consistent with the late peak of phosphor-ERK1/2. Immunoprecipitation and Western blotting analyses showed that LY83583 increased the interaction of HSP90 with phosphor-ERK1/2, the phosphor-ERK1/2 level, and the soluble phosphor-ERK1/2 level by 1.8-, 2.5-, and 2.9-fold, respectively. In contrast, the insoluble phosphor-ERK1/2 of VSMC was decreased. Interestingly, LY83583 treatment promoted the nuclear phosphor-ERK1/2 by 7.6-fold as confirmed by Western blotting and immunofluorescence assays. Furthermore, cell counting and the MTT assay showed that LY83583 stimulated VSMC proliferation with the increased expression of HSP90 and levels of soluble and nuclear phosphor-ERK1/2. Pretreatment of geldanamycin antagonized the effect of LY83583. Conclusion: HSP90 could mediate the oxidative stress-stimulated, latephase activation of ERK1/2 and VSMC proliferation by promoting the ERK1/2 phosphorylation, the association of itself with phosphor-ERK1/2, and the solubility and nuclear translocation of phosphor-ERK1/2.
Introduction
Reactive oxygen species (ROS) is known to be involved in the pathological processes of many cardiovascular diseases, such as atherosclerosis, hypertension, and restenosis. Our previous study in cultured rat vascular smooth muscle cells (VSMC) showed that the intracellular increase of superoxide anion by exposure to LY83583 led to an early transient (10 min) and late sustained activation (120 min) of extracellular signal-regulated kinase (ERK) 1/2, and stimulated VSMC proliferation [1] . Further experiments demonstrated that the early phase was directly activated by ROS and the late was mediated via secreted oxidative-stressed factors involving heat shock protein 90 (HSP90) [1, 2] . However, the mechanism of HSP90 mediating ERK1/2 activity needs to be explored further.
HSP90 is known as a molecular chaperone and associates with various proteins, including transcription factors and protein kinases, and plays an important role in the activity [3, 4] , stability [5] [6] [7] , and intracellular distribution [8] of its associated partner molecules. It has been reported that HSP90 could associate with mitogen-activated protein kinases, such as MAPK/ MAK/ MRK overlapping kinase (MOK) [5] and Raf [6, 8, 9] which are up-streams of ERK1/2. In addition, HSP90 could also promote the solubility of its partner molecules and enhance the nuclear translocation of its partner mol-ecules. ERK1/2 is ubiquitous cytosolic serine-threonine kinase and mediates cell growth and proliferation. ERK1/2 is activated by various stresses and growth stimuli and is involved in signaling transduction from cytoplasm into cell nuclei [5, 11] . It is well known that the phosphorylation of ERK2 promotes its dimerization and nuclear translocation, and the increase of ERK1/2 solubility facilitates the nuclear translocation of itself [12] . Once entering cell nuclei, phosphor-ERK1/2 activates transcription factors Elk-1. Thus, the solubility level and nuclear-translocation ability of phosphor-ERK1/2 are 2 determinant events in cell growth [13] . Therefore, we propose that HSP90 acts as a molecular chaperone, mediates late-phase ERK1/2 activation and cell proliferation by associating with phosphor-ERK1/2, and increases the solubility and nuclear translocation of phosphor-ERK1/2.
Materials and methods
Materials Sprague-Dawley (SD) rats (150 g) were obtained from the Experimental Animal Center, Nanhua University (Hengyang, China, SPF grade, Certificate No SCXK Xiang 2004-0011). LY83583 was obtained from Cayman (Ann Arbor, MI, USA) and geldanamycin was from Alomone (Jerusalem, Israel). Both protein A agarose and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were from Sigma (St Louis, MO, USA). Antirat ERK1/2 (C-14), phosphor-ERK1/2 (E-4, Thr202/Tyr204), HSP90 (H-114), and β-actin (C-2) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Fluorescein isothiocynate (FITC) or horseradish peroxidase (HRP)-conjugated goat antimouse or rabbit second antibody was from Boster (Wuhan, China). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), and 0.25% trypsin-EDTA solution were from Gibco (New Zealand, NY, USA).
Cell culture and experiment grouping Rat VSMC were isolated from the aorta of 150 g male SD rats and cultured by an expellant method originally described by Campbell and Campbell [14] . The culture medium was DMEM containing 10 mmol/L sodium pyruvate supplemented with 20% FBS. Then the cells were maintained in 10% FBS and up to passage 12 when used. After confluence, the cells were inoculated on 100 mm dishes. The cells were growth-arrested by incubation in 0.1% FBS/DMEM for 24 h prior to use. VSMC were identified with an anti-actin antibody by immunohistochemical stain (S-P). First, the VSMC were treated with LY83583 [6-anilinoquinoline-5,8-quinoli-nedione, produce ROS, 1 µmol/L, dissolved in phosphate-buffered saline (PBS)] for different times (0, 5, 10, 30, 60, 90, 120, and 180 min) to determine the late peak of phosphor-ERK1/2. Then different treatments were classified as the following groups: control group (PBS 120 min), LY group (1 µmol/L LY83583 for 120 min), Gel+ DMSO+LY group (pretreated with geldanamycin which was dissolved in DMSO for 30 min, then treated with 1 µmol/L LY83583 for 120 min), and the DMSO+LY group (pretreated with DMSO, the vehicle of geldanamycin, for 30 min, then treated with 1 µmol/L LY83583 for 120 min).
Extraction of the total, soluble, insoluble, and nuclear protein The cells were harvested following 2 quick rinses in PBS (pH 7.4) in ice-cold lysis buffer (50 mmol/L Tris-base, pH
mmol/L NaF, 10 µg/mL aprotinin, 1 µg/mL leupeptin, 1 µmol/L phenylmethylsulfonyl fluoride, and 1% Triton X-100) and homogenized by pulling through a 21 Ga needle 20 times. The detergent was omitted from the lysate buffer by centrifugation at 10 000×g at 4 o C for 20 min and the protein concentration of the supernatant was determined [16] . The growth-arrested VSMC were divided into 4 groups as described before. The total, soluble, insoluble and nuclear protein was extracted as described previously [2] . In brief, the cells were scraped in a buffer containing 137 mmol/L NaCl, 2.7 mmol/L KCl, 4.3 mmol/L Na 2 HPO 4, 1.4 mmol/L KH 2 PO 4 , 20 µg/mL leupeptin, 1 mmol/L sodium orthovanadate, and 400 µmol/L phenylmethylsulfonyl fluoride, and frozen at -20 o C for 4 times, then centrifuged at 17 000×g for 60 min. The supernatants were recovered as soluble fractions, and the precipitates were redissolved by adding diluted (5:7) SDS sample buffer and then boiled for 5 min to obtain insoluble fractions.
The nuclear extracts were prepared as described by Backlund et al [16] . In brief, the cells were harvested in icecold PBS and pelleted by brief centrifugation (1000×g). The supernatant was discarded and the cell pellet was washed once in hypotonic buffer [ 
Western blotting analysis and immunoprecipitation For
Western blotting, the cell lysates containing equal amounts of proteins were added with 5×sample buffer (0.31 mol/L Tris base, pH 6.8, 2.5% SDS, 50% glycerol, and 0.125% bromophenol blue) and boiled for 3 min. The protein was resolved on 10% SDS-PAGE. The protein was transferred to polyvinylidene fluoride (PVDF) film. Then the film were blocked in 5% skim milk in Tris-buffered saline Tween (TTBS) (50 mmol/L Tris-HCl, pH 8.3, 200 mmol/L NaCl, and 0.05% Tween-20). The filters were incubated with anti-rat HSP90 (1:1000), ERK1/2 (1:1200), and phosphor-ERK1/2 (1:1500) antibodies for 120 min at 37 o C or 4 o C overnight, detected by HRP-conjugated second antibodies, and then detected by an enhanced chemiluminescence reagent [17] . For immunoprecipitation, total cell lysates containing equal amounts of proteins were incubated with an anti-HSP90 antibody for 45 min at 4 o C . The antibody-protein complexes were incubated with protein A agarose for 20 min at 4 o C , and the antibody-protein complexes that were bound to the beads were pelleted at 2000×g for 2 min. The beads were washed 3 times with lysis buffer and once with PBS, resuspended in the sample buffer, and immediately frozen at -80 o C [18] . Immunofluorescence The prepared cells were washed in PBS 3 times for 5 min, permeabilized with 0.01% Triton X-100 in PBS for 1 min and 100% methanol for 3 min at -20 o C , and then blocked with 1% goat serum and PBS (pH 7.5) for 30 min . The cells were incubated with a phosphor-ERK1/2 antibody in 1% goat serum and PBS (pH 7.5) for 60 min. After washing with PBS (pH 7.5) 3 times for 10 min, the cells were incubated with the FITC second antibody in 1% goat serum and PBS (pH 7.5) for 60 min and washed with PBS (pH 7.5) 3 times for 10 min [15] . Cell counting and MTT assay For determining number of living cells, a modified MTT assay was performed as described previously before [1] . Briefly, VSMC (1×10 5 cells/mL) were grown in 96-well plates for 24 h. After incubation with agonists for 2 h, cells were treated with MTT (0.5 mg/mL) for 4 h at 37 o C. The cell culture medium was removed, and cells were lysed by addition of 100 µL of isoamyl alcohol. The metabolized MTT was evaluated by optical dencity (OD) in an enzyme-linked immuno-sorbent assay reader at 570 nm. The proliferation ratio=(cell counting or OD of the experimental group-cell counting or OD of the control group)/cell counting or OD of control group×100%.
Statistical analysis All data were expressed as mean±SD. The statistical analysis of the data was performed using ANOVA as appropriate. Values with P<0.05 were considered to be statistically significant.
Results
Oxidative stress increased cytosolic HSP90 in rat VSMC Brief exposure of VSMC to LY83583 stimulated ERK1/2 activity with peaks at 10 and 120 min. The late peak was responsible for secreted oxidative stress-induced factors in the conditioned medium that included HSP90, cyclophilin A, and cyclophilin B [1] . In this present experi-ment, the VSMC were exposed to LY83583 for 0-180 min. Figure 1 shows that 1 µmol/L LY83583 treatment stimulated ERK1/2 activity and HSP90 expression in the total cell lysates. The ERK1/2 activation peaked at 10 and 120 min, respectively. However, the LY83583-induced HSP90 expression peaked only at 120 min, which was consistent with the late peak of phosphor-ERK1/2 ( Figure 1) .
HSP90 mediates LY83583-induced ERK1/2 activation To examine the role of cytosolic HSP90 in LY83583-induced ERK1/2 activation, the VSMC were pretreated with a specific HSP90 inhibitor geldanamycin (1, 5, and 10 µmol/L) for 30 min and then exposed to LY83583 for 120 min. The data showed that LY83583 significantly increased total phosphor-ERK1/2 by 2.5-fold, and geldanamycin inhibited the effect of LY83583 in a dose-dependent manner (Figure 2) .
LY83583 increased HSP90 binding with phosphor-ERK1/2 To identify cytosolic HSP90 as a molecular chaperone binding with ERK1/2 or phosphor-ERK1/2, the total cell lysates were co-immunoprecipitated with an anti-HSP90 antibody and blotted with anti-ERK1/2 and phosphor-ERK1/2 antibodies, respectively. We observed that LY83583 significantly increased HSP90 association with phosphor-ERK1/2 (1.8-fold), but not with ERK1/2, as compared with the control. Pretreatment with geldanamycin attenuated the effects of LY83583 (Figure 3) .
Roles of HSP90 in increasing the solubility of phosphor-ERK1/2
To further explore the effects of HSP90 on phosphor-ERK1/2, we collected the soluble and insoluble extracts of VSMC treated with LY83583 or/and geldanamycin, and analyzed the levels of ERK1/2 and phosphor-ERK1/2 by Western blotting. As shown in Figure 4 , LY83583 obviously increased the phosphor-ERK1/2 level of soluble extracts and decreased the phosphor-ERK1/2 level of insoluble extracts (Figure 4, 5) . Geldanamycin attenuated the effect of LY83583.
Roles of HSP90 in enhancing the nuclear translocation of phosphor-ERK1/2 It has been reported that an increase of phosphor-ERK1/2 solubility might enhance its function. In the present study, we investigated the effect of HSP90 on the nuclear translocation of phosphor-ERK1/2. The nuclear extracts were harvested from VSMC treated with LY83583 or/ and geldanamycin, and the level of phosphor-ERK1/2 was measured by Western blotting. The results showed that LY83583 increased the level of phosphor-ERK1/2 in nuclei by 7.6-fold as compared with the control, and geldanamycin abolished the effect of LY83583 (Figure 6 ). An immunofluorescence analysis demonstrated that the obvious nuclear translocation of phosphor-ERK1/2 was observed in LY83583-treated VSMC as compared with untreated VSMC. Pretreatment with geldanamycin reduced the LY83583-stimulated nuclear translocation of phosphor-ERK1/2 ( Figure 7 ). DMSO alone had no effect on the solubility and nuclear translocation of phosphor-ERK1/2 ( Figures 5, 7) . HSP90 mediates VSMC proliferation induced by oxidative stress To further confirm the relationship between the increased HSP90 expression and oxidative stress-stimulated cell proliferation, we observed the effects of HSP90 inhibitors, geldanamycin and radicicol (another HSP90 inhibitor without influence on ROS), on LY83583-induced VSMC. MTT assay and cell counting showed ( Table 1 ) that LY83583 treatment accelerated VSMC proliferation by 90%. Geldanamycin and radicicol significantly inhibited LY83583-stimulated cell growth.
Discussion
HSP90 is known as a molecular chaperone and is associated with various proteins, such as pp60 v-src [19] , Raf-1 [20] , Cdk4 [21] , and Casein kinase II (CK2) [22] . Our previous studies demonstrated that oxidative stress increased HSP90 secretion and promoted VSMC growth [1, 2] . Interestingly, the LY83583-induced generation of ROS peaked at 15 min and returned to baseline by 120 min [1, 2] . However, the LY83583- induced activation of ERK1/2 showed 2 peaks at 10 min (early peak) and 120 min (late peak), respectively. Obviously, the late peak is not directly related with ROS induced by LY83583. Further experiments demonstrated that the late peak was mediated via secreted oxidative-stressed factors, which involve HSP90, cyclophilin A, and cyclophilin B [1, 2] . However, the role of HSP90 in ERK1/2 activity needs to be further investigated. In the present study, we demonstrated that HSP90 was associated with phosphor-ERK1/2 when VSMC were challenged to oxidative stress. The association of phosphor-ERK1/2 with HSP90 promoted the solubility and nuclear translocation of phosphor-ERK1/2, indicating that HSP90 participated in the process of intracellular ERK1/2 activation.
Geldanamycin, a benzoquinone ansamycin, can specifically bind to HSP90 [23] in vitro and in vivo and inhibit the function of HSP90. It also interferes indirectly with the functions of the other protein molecules with which HSP90 associates [24] , often resulting in the disruption of HSP90-containing multimolecular complexes [9] . Miyata et al [5] demonstrated that HSP90 regulated stability and solubility of intracellular protein MOK by binding with it, and geldanamycin disrupted the effect of HSP90. Our data here showed that geldanamycin treatment altered the chaperone function of HSP90 by attenuating the interaction between HSP90 and phosphor-ERK1/2, abolishing oxidative stress-induced activation and decreasing the solubility and nuclear translocation of phosphor-ERK1/2.
The solubility of activated ERK1/2 is essential for their signal transduction. It has been reported that HSP90 increases the solubility of MOK, a novel member of mitogen-activated protein kinases (MAPK) [5] . Our experiments showed that oxidative stress increased the soluble phosphor-ERK1/2 and decreased insoluble phosphor-ERK1/2. Geldanamycin abolished the effects of oxidative stress, indicating that the solubility of phosphor-ERK1/2 requires the participation of HSP90.
Phosphor-ERK1/2 enters into nuclei to display its function. The specific associations of non-catalytic proteins are important for catalytic subunits recognizing substrate or cellular localization. In the present experiment, we found that oxidative stress stimulated phosphor-ERK1/2 entering cell nuclei, and geldanamycin blocked the effect of oxidative stress.
Those results indicated that HSP90 could regulate ERK1/2 activity by promoting ERK1/2 phosphorylation, increasing the interaction of itself with phosphor-ERK1/2, and enhancing the solubility and nuclear translocation of phosphor-ERK1/2. It has been reported that HSP90 can bind with MOK, a member of MAPK and bind with mitogen-activated protein kinase kinase (MAPKK) kinases-Raf, which decrease the degradation and increase the phosphorylation of MOK and Raf [4] [5] [6] . Therefore, we propose that HSP90 might increase Figure 7 . Role of HSP90 in the nuclear translocation of phosphor-ERK1/2 by immunofluorescence analysis. LY83583-or/and geldanamycintreated VSMC were immunostained with an antiphosphor-ERK1/2 antibody and the FITC goat anti-rat second antibody. Nuclear localization of the phosphor-ERK1/2 protein in VSMC was determined using a fluorescence microscope (×400). phosphor-ERK1/2 in 2 ways: first, HSP90 delays the degradation of phosphor-ERK1/2 by binding with it. Second, HSP90 increases the phosphorylation of ERK1/2 by binding with MAPKK and affecting MAPKK translocation. It is well known that oxidative stress stimulates VSMC proliferation by activating the signal transduction pathway of growth factors, such as MAPK. Since HSP90 mediated the activation of ERK1/2 induced by oxidative stress, we propose that the function inhibition of HSP90 will inhibit cell proliferation. Our experiments showed that geldanamycin, radicicol (another HSP90 inhibitor), and PD98059 (an inhibitor of ERK1/2 activation) all significantly blocked the effects of oxidative stress on VSMC proliferation.
In summary, HSP90 can mediate the oxidative stressstimulated, late-phase activation of ERK1/2 and VSMC proliferation by promoting the ERK1/2 phosphorylation, the association with phosphor-ERK1/2, and the solubility and nuclear translocation of phosphor-ERK1/2.
